The fibrolytic microbiota of the human large intestine was examined to determine the numbers and types of cellulolytic and hemicellulolytic bacteria present. Fecal samples from each of five individuals contained bacteria capable of degrading the hydrated cellulose in spinach and in wheat straw pretreated with alkaline hydrogen peroxide (AHP-WS), whereas degradation of the relatively crystalline cellulose in Whatman no. 1 filter paper (PMC) was detected for only one of the five samples. The mean concentration of cellulolytic bacteria, estimated with AHP-WS as a substrate, was 1.2 x 108/ml of feces. Pure cultures of bacteria isolated on AHP-WS were able to degrade PMC, indicating that interactions with other microbes were primarily responsible for previous low success rates in detecting fecal cellulolytic bacteria with PMC as a substrate. The cellulolytic bacteria included Ruminococcus spp., Clostridium sp., and two unidentified strains. The mean concentration of hemicellulolytic bacteria, estimated with larchwood xylan as a substrate, was 1.8 x 10'0/ml of feces. The hemicellulose-degrading bacteria included Butyrivibrio sp., Clostridium sp., Bacteroides sp., and two unidentified strains, as well as four of the five cellulolytic strains. This work demonstrates that many humans harbor intestinal cellulolytic bacteria and that a hydrated cellulose source such as AHP-WS is necessary for their consistent detection and isolation.
Fermentation of dietary fiber components, including cellulose and hemicellulose, in human intestines has been well established (10, 35, 37) . Some of the predominant bacteria in human colonic contents, mainly Bacteroides spp., ferment various types of hemicelluloses (31, 32) . Previous attempts to enumerate and isolate cellulose-degrading bacteria that inhabit human intestines have demonstrated the existence of cellulolytic bacteria in only a small proportion of individuals. Betian et al. (4) reported the existence of approximately 108 cellulolytic organisms per g of feces from only two of six individuals; a cellulolytic Bacteroides sp. and an unidentified gram-negative rod were isolated. Eller et al. isolated a cellulolytic bacterium from a fecal sample by nonselective means (12) ; it was a lancet, coccoid organism which was not thoroughly characterized or identified. Spore-forming cellulolytic bacteria have been isolated, but their numbers were not estimated (21) .
Montgomery (27a) detected bacteria able to digest pebblemilled filter paper cellulose (PMC) in only two of six fecal samples; the apparent concentrations of cellulolytic bacteria in those two samples were extremely low. In that study, one of the samples negative for PMC degradation contained nearly 109 organisms per g that were able to digest the cellulose in cell walls of Tetragonia expansa (New Zealand spinach). On the basis of that finding, we hypothesized that most humans harbor cellulolytic organisms able to ferment highly hydrated cellulose, but not PMC, a relatively crystalline cellulose which is not highly hydrated. Because the cellulose in alkaline hydrogen peroxide (AHP)-treated wheat straw (WS) (13, 20) is fermented more rapidly than PMC by ruminal cellulolytic bacteria (unpublished data), we speculated that AHP-WS might also be degraded by some human colonic organisms. AHP-WS offers advantages over spinach due to its lower content of noncellulosic components.
In a preliminary experiment with AHP-WS, we detected the presence of 1.6 x 108 cellulolytic organisms per g in a fecal sample and isolated Ruminococcus sp. strain HS7 from that sample. Therefore, we conducted the experiments described herein to determine whether most humans harbor bacteria able to digest cellulose, specifically, the highly hydrated cellulose in spinach and AHP-WS. We also enumerated and isolated hemicellulolytic bacteria, since no data have been published on their concentrations and they have rarely been isolated selectively from human feces (1).
MATERIALS AND METHODS
Culture media and methods. Strictly anaerobic techniques (17, 26) were used in the preparation of media (Table 1) , dilution and inoculation of samples, and isolation and identification of bacteria. Ruminal fluid, collected from fistulated steers maintained on an alfalfa diet, was strained through a double layer of cheesecloth and then incubated for 5 days at 37°C, with the pH maintained at 6.7 to 6.9 by addition of Na,C03 (11) . The ruminal fluid was centrifuged twice at 6,000 x g for 45 min, and the supernatant was frozen until used in media.
Three types of substrates were used for enumeration and isolation of cellulolytic organisms (Table 1) . A 400-ml volume of a 2% (wt/vol) suspension of each substrate was milled at 290 rpm in an 1,850-ml jar containing 500 ml (displaced volume) of flint pebbles. The duration of pebble milling was adjusted for the characteristics of each substrate and the type of medium being made (Table 1) . For each substrate, milling times were shorter for broth medium to give a suspension with a greater settled volume, facilitating visual detection of cellulose degradation. For agar media, substrates were milled longer because the finer particles were distributed more evenly when tubes were rolled, making clearings (zones of cellulose hydrolysis) more distinct. Because AHP-WS is less opaque than PMC, it was used at twice the concentration in agar medium to provide a background sufficiently dense for detection of clearings. Sampling and processing. Fecal samples were obtained from five volunteers who consumed unrestricted diets. The donors included three males and two females, ranging in age from 24 to 39 years, who had not been treated with antibiotics in the preceding 6 months.
Fecal samples were collected in cardboard cups and transferred to an anaerobic chamber (CO2 atmosphere) within 5 min after defecation. A 15-ml volume of anaerobic dilution solution (Table 1 ) was added to 5 ml of feces (measured by displacement of anaerobic dilution solution) and homogenized at 10,000 rpm for 2 min with a hand-held homogenizer (BioSpec, Bartlesville, Okla.). A sample was transferred to a culture tube, which was sealed with a butyl rubber stopper and removed from the chamber. Fecal samples were serially diluted (10-fold steps) in anaerobic dilution solution, and 0.5-ml samples of appropriate dilutions were used to inoculate enumeration media by a hypodermicsyringe method (26) .
Enumeration and statistical analysis. Most probable numbers (MPN) of cellulolytic bacteria were determined by inoculating three tubes per dilution for each of the three cellulosic substrates. Xylanolytic and total viable MPN were determined with xylan broth (larchwood xylan; Sigma Chemical Co., St. Louis, Mo.) and total viable count (TVC) broth, respectively ( Table 1) . Utilization of cellulose was detected visually by noting a decrease in the settled volume of the substrate. Utilization of xylan was determined by production of gas, a decrease in pH, and an increase in turbidity in xylan broth compared with TVC broth with sugars omitted. Enumeration media were incubated at 38°C. Tubes were scored as positive if growth occurred within 7 days for TVC broth, 14 maintenance slants and examined for purity, morphology, and Gram stain reaction (24-to 72-h cultures).
Analysis of fermentation products. For determination of fermentation products, cultures were incubated until active fermentation ceased in the following media: strains X8, X9, X10, Xll, and X12 in xylan broth; strains W9, W10, and F12 in AHP-WS broth with supplemental volatile fatty acids (VFA) omitted, except for valeric and 2-methylbutyric acids; and strains HS7, W8, and Wll in the last-mentioned medium but with ruminal fluid decreased to 5%. After centrifugation, portions of culture supernatants were acidified with 0.20 volume of 25% (wt/vol) metaphosphoric acid for determination of VFA. VFA were determined by gas-liquid chromatography on a column of 15% SP-1200-1% H3P04 on 100/120 Chromosorb W AW (Supelco Inc., Bellefonte, Pa.) with a flame ionization detector (Supelco bulletin 749D). Hydrogen was assayed by gas chromatography with N2 as the carrier gas (39) .
Ethanol (2), formic acid (15) , and L-lactic acid (Sigma Diagnostics, procedure 826-UV) were estimated enzymatically. D-Lactic acid was assayed by a modification (34) of the Sigma procedure, with D-lactic dehydrogenase from Leuconostoc mesenteroides (Sigma). Succinate was measured by a modification of a succinate dehydrogenase assay (19) . The succinate dehydrogenase source was cells of Bacteroides succinogenes NR9, disrupted by passage through a French pressure cell and dialyzed against 100 mM potassium phosphate buffer (pH 6.8). The final reaction mixture contained 150 mM Tris (pH 7), 165 ,uM dichlorophenol-indophenol, 22 F.M phenazine methosulfate, and 2.5% Triton X-100. The reaction was started by adding the enzyme, and the succinate concentration was estimated from the decrease in the A600 of dichlorophenol-indophenol.
RESULTS
Enumeration of fibrolytic bacteria. Degradation of PMC in broth was detectable for only one sample, whereas AHP-WS and pebble-milled spinach (PMS) were degraded by bacteria in all samples (Table 2) . For the sample which degraded PMC, all three cellulosic substrates produced the same MPN of cellulolytic bacteria; for each of the other four samples, the estimated concentrations were higher with AHP-WS than with PMS. The mean MPN (for all samples) of cellulolytic bacteria estimated with AHP-WS as the substrate was above the 95% confidence interval for the mean obtained with PMS; i.e., the difference between those means was significant (P < 0.05). These cocci, but also some medium-to-long rods. Cells of strain X12 were also variable but generally included more and longer rods. The commercial larchwood xylan preparation is a heterogeneous substrate containing ca. 40% nonxylan hemicellulose (1), and it is possible that various strains fermented different hemicellulosic components. None of the hemicellulolytic strains digested AHP-WS detectably, confirming that fermentation of the minor hemicellulose component of AHP-WS would not be mistaken for cellulose digestion. DISCUSSION Although fermentation of cellulose in human intestines has been established (10, 35, 37) , previous attempts to isolate cellulolytic organisms from feces have generally met with low success rates (4, 27a). The results presented here suggest that previous failure to detect cellulolytic organisms in many fecal samples was due to use of relatively crystalline cellulose, generally PMC, as a substrate. Since use of PMC did not allow detection of cellulolytic bacteria present in four of five fecal samples, it is clearly not a suitable substrate for enumeration of human cellulolytic bacteria. Use of AHP-WS or PMS allowed detection of cellulolytic bacteria in all samples, but use of the former substrate gave a higher, and therefore more accurate, estimate of their MPN. The mean concentration of cellulolytic bacteria estimated with AHP-WS as a substrate, 1.2 x 108/ml of feces (range, 0.31 x 108 to 7.4 x 108/ml), likely approaches a representative value for a population that consumes typical western diets. Different diets might support different levels of intestinal cellulolytic bacteria; as an extreme example, consumption of poorly fermentable wood cellulose (Solka floc) is believed to have caused the washout of one or more types of cellulolytic bacteria in some individuals (37) . Since fecal samples were rapidly transferred to an anaerobic chamber and processed for enumeration, the results obtained in this study are representative of bacterial concentrations in the lower large intestine. Sampling other regions of the large intestine would require invasive procedures but might provide relatively little additional information, since it has been reported that the fecal microbiota is representative of the colonic microbiota (29) . The fact that enumeration of cellulolytic bacteria in samples from four donors gave negative results (MPN = 0) with PMC as a substrate, compared with positive results (MPN > 107/ml) with AHP-WS, seemed at first to support our hypothesis that some human intestinal cellulolytic bacteria could not digest PMC. However, the cellulolytic isolates (W8, W9, W10, and Wll) from those samples later were found to digest PMC in pure culture, raising the question of why they did not degrade PMC detectably in the enumeration tubes inoculated with fecal samples. Because these isolates digest PMC more slowly than AHP-WS, they may have been more sensitive to competition from noncellulolytic bacteria for intermediate products of cellulose digestion, such as cellobiose or cellulodextrins; noncellulolytic bacteria were nearly 1,000-fold more numerous than cellulolytic bacteria in the original samples. Alternatively, it may be that AHP-WS, as a more readily fermentable substrate, simply allowed better recovery of bacteria stressed by sample collection and dilution procedures (27) . It (23) and various monogastric animals (28) , few cellulolytic strains have been isolated previously from humans (27a). However, noncellulolytic ruminococci, including some identified as R. albus, are frequently isolated from human feces (6) .
Strain W10 is the first cellulolytic Clostridium sp. shown to be present in human feces in high numbers. Its morphology is quite different from that of "Bacillus cellulosae dissolvens" (= "Caduceus cellulosae-dissolvens" = "Clostridium dissolvens"), isolated by Khouvine With the use of an appropriate cellulosic substrate, it will be possible to expand further the knowledge of the numbers and species of cellulolytic microbes in human intestines.
